Abstract Ageing and inactivity both contribute to systemic inflammation, but the effects of inactivity on inflammation in healthy elderly individuals have not been elucidated. We hypothesised that 14-day bed rest could affect the pro-and anti-inflammatory markers in young subjects differently than in older adults. A short-term 14-day horizontal bed rest study (BR14) has been used as a model of inactivity in two groups of healthy male volunteers: 7 aged 18-30 years (young) and 16 aged 55-65 years (older adults). The effects of inactivity on inflammation were compared. Key low-grade inflammation mediators, tumour necrosis factor α (TNF-α), interleukin-6 (IL-6), visfatin, resistin, and anti-inflammatory adiponectin were measured in fasting serum samples, collected at baseline (BDC) and post BR14. Young responded to BR14 by increasing serum visfatin and resistin while older adults responded to BR14 by increasing IL-6 and TNF-α. In addition, serum adiponectin increased in all participants. Data from correlation analysis demonstrated positive association between Δ serum visfatin and Δ IL-6 in both groups, while Δ serum adiponectin was negatively associated with Δ TNF-α in young and positively associated with Δ resistin in the older adults. As little as 14 days of complete physical inactivity (BR14) negatively affected markers of low-grade inflammation in both groups, but the inflammation after BR14 was more pronounced in older adults. The effect of BR14 on IL-6 and resistin differed between young and older adults. Inflammatory responses to BR14 in older adults differed from those reported in the literature for obese or subjects in pathological states, suggesting potentially different mechanisms between inactivity-and obesity-induced inflammations.
Introduction
In the elderly, an acute illness can often cause hospitalisation with prolonged bed rest (Farriols et al. 2009 ). The combination of ageing plus immobilisation and acute illness can lead to a cascade of events that may lead to dependency (Farriols et al. 2009) . Distinguishing between the contributions of the first two (ageing plus immobilisation) and the contribution of the acute illness is essential in order to diminish the possibility of the patient becoming dependent. A bed rest study of healthy elderly subjects would enable us to make such a distinction. Since bed rest and space flight have been proposed as a model of accelerated ageing (Vernikos and Schneider 2010) , the contribution of bed rest in elderly to dependency could be substantial.
Horizontal bed rest (BR) is one of the most widely used models for studying the effects of inactivity on the human body. This has been confirmed by BR studies conducted on younger subjects, noting that physical inactivity or prolonged exposure to microgravity causes changes in body composition: a decrease in muscle mass (MM), a decrease in bone mineral density, and an increase in fat mass (FM) de Boer et al. 2008; Pišot et al. 2008; Rittwegger et al. 2009; Vernikos and Schneider 2010) . MM and FM changes contribute to an enhanced pro-inflammatory burden by affecting the normal crosstalk of metabolism-regulating hormones.
While regular muscle contraction produces myokines-cytokines, which suppress proinflammatory activity (Brüünsgaard 2005 )-adipose tissue produces a variety of pro-inflammatory mediators named adipokines that act both locally in the adipose tissue and systemically leading to low-grade inflammation (Havel 2002) . Low-grade inflammation in the elderly is associated with higher circulating levels of proinflammatory cytokines (tumour necrosis factor α (TNF-α), interleukin-6 (IL-6) and C-reactive protein (CRP)) even in the absence of chronic disease (Brüünsgaard and Pedersen 2003; Krabbe et al. 2004 ). These pro-inflammatory conditions and processes appear to play a central role in the decline of MM, promote catabolism and develop a cluster of metabolic diseases (Tilg and Moschen 2008) . In addition to the well-known pro-inflammatory cytokines, the serum levels of visfatin and resistin secretion and expression are upregulated during inflammation (Stofkova 2010) .
Visfatin, originally isolated from peripheral blood lymphocytes as a pre-B cell colony-enhancing factor (Samal et al. 1994) , acts as a cytokine with glucose-regulatory and pro-inflammatory properties (Kadoglou et al. 2010) . It is produced in several tissues, with higher production in visceral adipose tissue compared to subcutaneous adipose tissue (Fukuhara et al. 2005) , suggesting that visfatin plays a key role in various pathophysiological processes. However, the physiological role of visfatin is not completely understood. Resistin, another inflammatory molecule, is primarily expressed in monocytic cells from which it is secreted (Patel et al. 2003) . In addition, it is also well known that resistin is more expressed in preadipocytes during adipogenesis than in mature adipocytes (McTernan et al. 2002) . Resistin is considered to be a link between obesity, insulin resistance and inflammation (Kusminski et al. 2005) , but the pathophysiological role of resistin is not well understood yet.
It has become clear that pro-inflammatory and antiinflammatory cytokines can be regulated by physical activity (Pedersen and Hoffman-Goetz 2000) . Many studies have demonstrated that regular exercise may reduce markers of systemic inflammation (Woods et al. 2012) . Both IL-6 and CRP levels are highly regulated by acute exercise (Fischer et al. 2004 ), but basal circulating IL-6 and CRP levels also appear to be sensitive to the extent of regular physical activity (Panagiotakos et al. 2005) . Due to the complexity of visfatin regulation, there are conflicting data concerning the effects of physical activity on its levels (Lee et al. 2010; Jorge et al. 2011) . Regular exercise reduces FM and adipose tissue inflammation which is known to contribute to systemic inflammation (Calder et al. 2011) . Independent of the loss of FM, exercise also increases muscle production of IL-6, responsible to reduce tumour necrosis factor α (TNF-α) production and increase anti-inflammatory cytokines such as adiponectin (Starkie et al. 2003) . On the other hand, the effect of inactivity on serum levels of adipokines and inflammatory markers has not been fully elucidated.
Only a few shorter BR studies of the elderly/older adults have been described in literature so far. The first one did not assess the inflammatory burden of the participants (Kortebein et al. 2008) , while the second study assessed the inflammation connected to a decrease in MM, but the 7-day BR (BR7) was too short to show any significant changes of inflammation markers in serum (Drummond et al. 2013) . The third study of Coker et al (2014) also did not assess the role of changes in inflammation; however, metabolic dysregulation of free fatty acids and insulin sensitivity were observed after 10-day BR (Coker et al. 2014) . The last study of Tanner et al. (2015) demonstrated that older adults were more susceptible than young persons to muscle loss after 5-day BR, partially due to suppression of protein synthesis and a marginal increase in proteolytic markers (Tanner et al. 2015) .
Understanding how physical inactivity in the elderly alters body composition and energy requirements and causes low-grade inflammation is of paramount importance because it is implied in the onset of several pathologies related to an increasingly sedentary lifestyle. Knowledge of the effects of physical inactivity on the elderly is also important in cases of acute illness that requires hospitalisation and where a decline in the functional ability of the patients is a frequent outcome (Farriols et al. 2009 ).
Therefore, the objective of our study was to investigate the effects of a 14-day bed rest on induced inflammation, measured by anti-inflammatory adiponectin and pro-inflammatory visfatin, resistin, TNF-α, and IL-6. The hypothesis was put forward that significant alterations in inflammatory markers would occur during short-term BR in young and older adults.
Methods

Participants
A 14-day experimental bed rest with comparable groups of healthy young (N = 7) men aged 18-30 years and healthy older adult (N = 16) men aged 53-65 years was performed in the Valdoltra Orthopaedic Hospital, Slovenia.
Participants were recruited from Slovenia. Their basic morphological parameters are displayed in Table 1 . A medical history and physical examination were performed on each potential participant, as well as routine blood and urine analysis. Exclusion criteria included smokers; regular alcohol consumers; ferromagnetic implants; history of deep vein thrombosis with D-dimer >500 μg/L; acute or chronic skeletal, neuromuscular, metabolic and cardiovascular disease conditions; pulmonary embolism and a Short Physical Performance Battery (SPBB) score <9 (Guralnik et al. 1995) .
The subjects were free of any clinical or biochemical disease and did not take any medications 3 months prior to the study. The experimental conditions were well tolerated by all volunteers, and all tests were conducted under close medical supervision. Subjects were informed of the purpose, procedures and potential risk of participation in the study before signing the informed consent. The study was part of a broad-based research project PANGeA: Physical Activity and Nutrition for Good quality Ageing and was approved by the Slovenian National Medical Ethics Committee. The study was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki.
Study design
The participants were housed in hospital rooms and were under constant surveillance and provided with 24-h medical care. The study consisted of three different consecutive phases: (1) 3 days of accommodation to study environment and diet with baseline data collection (BDC). Habitual physical activity of the participants was maintained during this phase. (2) The second phase was BR14 (BR1 to BR14). During this phase, no deviations from the lying position were permitted, and subjects were continuously monitored by video cameras. Subjects were under periodical medical control with physical therapy (passive stretching of lower limbs and low back) on every day and constant nursing assistance. Temperature, blood systolic and diastolic pressure and heart frequency were measured, and blood analysis including D-dimer test and Doppler echography was performed. Neither exercise nor muscle contraction tests were allowed. (3) The third phase was 2 days of BDC baseline data collection, BR14 14-day bed rest, BMI body mass index, TBW total body water, FFM fat-free mass, FM fat mass, MM muscle mass ambulatory care (post BR 14 data collection) followed by 28-day recovery that was not a subject of this report. During BR14, participants performed all daily activities in the horizontal position mostly by the help of one pillow to support the head; the participants were not allowed to raise the head or lift their arms above their head, only to turn on both sides of the body. Moreover, the participants urinated and performed bowel movement in a urine bottle and under body pots, respectively, always lying on their back-they were in a horizontal position. During recruitment medical assessment and on the seventh day of BR14, participants were checked for deep vein thrombosis using D-dimer test and Doppler echography. Preventively, all participants wore elastic socks.
To avoid weight gain due to the reduced activity level, the subjects followed a eucaloric diet during the study. Diet composition and energy intake were monitored daily by an expert dietician, according to the Food and Agriculture Organization/World Health Organization equations (Müller et al. 2004) , and dietary energy requirements were designed for each subject multiplying resting energy expenditure by factors 1.4 and 1.2 in the ambulatory period (phases 1 and 3) and BR14 (phase 2), respectively . Subjects were required to consume all served food as scheduled by the dietician. The average diet composition reflected typical Slovenian dietary habits to avoid nutrient composition changes. Energy balance maintenance was controlled by body composition analysis in terms of fat mass maintenance.
Every day, subjects received three main meals (breakfast, lunch and dinner). Relative macronutrient content was constantly maintained at 60 % of energy from carbohydrate, 25 % from fat and 15 % from protein during the entire period. Breakfast represented 30 % of dietary energy requirements (DER), lunch 40 % and dinner represented 30 % of the DER. Energy intake was adjusted according to weekly changes in fat mass. The participants had ad libitum access to water throughout the whole study.
Twenty-four subjects were recruited for the study: 8 young and 16 older adults for BR 14. Eight randomly selected older adults participants followed daily 50-min spatial navigation training by navigating through mazes using a hand joystick. As we did not find any significant effects of this intervention in any of the parameters studied, we did not introduce a third group in this report. One young dropped out of the study due to increased values of D-dimer.
Measurements
Anthropometry
Subject height was measured before BR14 to the nearest 0.1 cm in standing position, without shoes, using a Leicester Height Measure (Invicta Plastics Limited, Oadby, England), and the body mass of the participants wearing only underwear was measured to the nearest 0.1 kg. Body mass index (BMI) was calculated using the standard formula.
Fat-free mass (FFM), FM, total body water (TBW) and MM were assessed once per week by bioelectric impedance analysis (BioScan 916S, Maltron, UK) (Dumler and Kilates 2005) performed by a four-electrode measurement system. Bioimpedance analysis was performed on all subjects before, during and after BR.
Biochemical analysis
Fasting venous blood samples were collected in the morning between 7 A.M. and 8 A.M. in 4-ml vacuum test tubes (Becton Dickinson, Rutherford, USA) on the day BDC-1 (baseline) and on the day BR14 (post-intervention). Serum was separated, frozen and stored at −20°C until subsequent analysis. Analyses were performed as described previously Jurdana et al. 2013) . Briefly, serum concentrations of IL-6, TNF-α, adiponectin, resistin and visfatin were performed in duplicate on a microplate reader (Tecan, Männedorf, Switzerland) using human ELISA Kits for IL-6, TNF-α (both Thermo Fisher Scientific Inc., Rockford, USA), adiponectin, resistin (both BioVendor, Lab. Med. Inc., Brno, Czech Republic) and visfatin (BioVision, Mountain View, CA, USA). The assay sensitivity was 30 pg/ml for visfatin, 10 pg/ml for adiponectin, 33 pg/ml for resistin, <1 pg/ml for IL-6 and <2 pg/ml for TNF-α, and interassay CVs were <10 %. In addition, serum concentrations of C-reactive protein (CRP) were measured using Olympus reagents and performed on an AU 680 analyser (Beckman Coulter), as previously reported ).
Statistical analysis
All analyses were carried out using SPSS 20 software (SPSS Inc., Chicago, USA). After checking for normality, non-normally distributed data (TNF-α, IL-6 and CRP) were transformed using logarithmic function.
Means and standard deviation were calculated for the baseline and post-intervention data for all parameters. To investigate the effect of BR14 on adipokines and inflammatory markers concentration, subjects were classified in young and older adults. Baseline characteristics of the subjects by groups were compared by independent t tests. Comparison of body composition parameters between baseline and intervention levels was done with Student t test for dependent variables (paired t test). An alpha level of 0.05 was set for the test to indicate significance. To identify possible differences on the variables (adiponectin, IL-6, resistin, visfatin and TNF-α) due to the effect of BR14, two-way analysis of variance for repeated measurements (two-way repeated measures ANOVA) was performed. Covariates were BMI and age. Additionally, Pearson's correlation coefficient was used on the relative changes of different variables. For all the analyses, the level of statistical significance was set at p < 0.05.
Results
Anthropometrics
The studied BDC and BR14 anthropometric and body composition parameters are given in Table 1 . No significant differences at baseline were observed between young and older adult groups. BR14 significantly affected lean body mass, and changes in both groups were observed in body mass (and BMI; p < 0.001), TBW (p < 0.001), FFM (p < 0.001) and MM (young p < 0.05, older adults p < 0.01). There were no significant changes in FM.
Serum adipokines and inflammatory mediators
Baseline and after BR14 serum concentrations of inflammatory mediators, adipokines and CRP in young and older adults are presented in Fig. 1 .
In contrast to anthropometric parameters, there were already differences in adipokines and inflammatory parameters between young and older adults in baseline. Basal serum adiponectin (p = 0.01), visfatin (p = 0.01) and resistin (p = 0.02) before BR were lower, while levels of basal serum IL-6 (p = 0.001) were higher in young than in older adults. There were no differences in levels of basal serum TNF-α.
In response to BR, serum adiponectin increased in young (by 15 %, p = 0.013, F = 12.10, η 2 = 0.669) and older adult subjects (by 9 %, p = 0.041, F = 3.81, η 2 = 0.521); on the other hand, serum TNF-α and IL-6 only increased in older adults (by 30 %, p = 0.003, F = 14.11, η 2 = 0.485; and for 50 %, p = 0.004, F = 12.56, η 2 = 0.456, respectively). Moreover, the young subject's serum IL-6 decreased and serum visfatin and serum resistin increased (15 %, p = 0.025, F = 8.77, η 2 = 0.594; 28 %, p = 0.02, F = 7.07, η 2 = 0.550; and 12 %, p = 0.03, F = 5.23, η 2 = 0.481, respectively). There were no differences in serum resistin and visfatin in older adult subjects and in serum TNF-α in young subjects in response to BR (Fig. 1) .
Correlation analysis
Correlation analysis was performed to investigate the possible associations between changes in adipokines, cytokines and anthropometric parameters in young and older adults. As shown in Table 2 , Δ FM significantly correlated with Δ adiponectin in young, and Δ TNF-α in both groups. Only Δ TNF-α negatively correlated with Δ MM in young and older adults.
Correlation of study variables
In all participants, Δ serum visfatin was positively associated with Δ IL-6. Δ Adiponectin was negatively associated with Δ TNF-α in young and positively associated with Δ resistin in older adults (Table 3) .
Discussion
Physical inactivity induced by BR14 was applied to assess the changes of low-grade inflammation markers, and anti-inflammatory adiponectin in healthy non obese adults; young and older adults were compared. So far, this was the longest BR study with elderly/older adults (Kortebein et al. 2008; Drummond et al. 2013 , Coker et al. 2014 Tanner et al. 2015) .
There were pronounced differences between the young and older adults, but the key finding of our study was that as little as 14 days of physical inactivity (BR) negatively affected markers of low-grade inflammation, especially in older adults.
It is well known that physical inactivity contributes to an enhanced pro-inflammatory burden (Krabbe et al. 2004 ) and affects human immune responses (Shearer et al 2009) . In healthy subjects, physical inactivity is associated with increased FM, accumulation of visceral fat and decreased FFM, leading to low-grade inflammation and to the development of a cluster of diseases defined as the Bdiseasome of physical inactivity^, as proposed by Pedersen (2009) .
After BR14, serum levels of TNF-α and IL-6 were lower in young than in older adults. TNF-α is a potent stimulator of IL-6 expression and secretion (Rotter et al. 2003 ) and a potent inhibitor of adiponectin (Bruun et al. 2003) . The higher serum TNF-α concentrations observed in older adults may partly explain the greater increase in serum IL-6 and smaller increase in serum adiponectin. A significant relationship was recently demonstrated between intramuscular adipose tissue and muscle IL-6 expression in older, frail individuals with decreased mobility (Addison et al. 2014) ; therefore, the greater increase in IL-6 in older adults might be additionally explained by increase in intramuscular Fig. 1 Serum concentrations of adipokines, cytokines and CRP in the basal state before and after short-term 14-day bed rest (BR14) in young (dashed black lines) and older adult (solid black lines) subjects. Before BR: young (N = 7) and older adults (N = 16). After BR: young (N = 7) and older adults (N = 16). a Adiponectin. b IL-6. c TNF-α. d Resistin. e Visfatin. f CRP. a basal state before BR14 in young and older adults, b basal state after BR14 in young and older adults, c basal state before vs. after in young, d basal state before vs. after BR14 in older adults. Data were log-transformed before statistical test for TNF-α and IL-6. Mean data are shown with the SD. Baseline characteristics of the subjects by groups were compared by independent t tests. To identify possible differences on the variables (adiponectin, IL-6, resistin, visfatin and TNF-α) due to the effect of 14 day BR, two-way analysis of variance for repeated measurements (two-way repeated measures ANOVA) was performed. Covariates were BMI and age. *p < 0.05; **p < 0.01. adipose tissue due to immobility in older adults. Neither TNF-α nor IL-6 serum concentration increased after a 7-day BR study with elderly performed by Drummond et al. (2013) , although they reported local increases in IL-6 expression within the muscle tissue. Opposite to the older adults, we did not observe any increase in serum TNF-α in young in response to BR14, and consequently, a greater increase in serum adiponectin was observed. This differs from previous reports, where an increase in serum IL-6 as a response to BR14 with eucaloric diet in younger male subjects was reported, but no increase in response to BR14 with hypocaloric diet (Bosutti et al. 2008) .
The effect of physical inactivity on serum TNF-α was pronounced in older adults. Adipose tissue macrophages are a major source of TNF-α (Zeyda and Stulnig 2007) , which could indicate that macrophages infiltrate adipose tissue and secrete TNF-α in response to physical inactivity. Adipose tissue of obese individuals contains a higher number of macrophages than adipose tissue of lean subjects (Weisberg et al. 2003) . In addition, Bruun et al. (2006) demonstrated that a 15-week lifestyle intervention in terms of hypocaloric diet and daily physical activity reduced the expression of macrophages and inflammatory proteins in adipose tissue of severely obese subjects (Bruun et al. 2006) . A negative association between Δ TNF and Δ MM and positive association between Δ TNF and Δ FM found in our study suggest that physical inactivity changes were associated with high circulating levels of TNF-α. TNF-α leads to erosion of MM and induces impairment in muscle protein balance (Reid and Li 2001) . Participants of the present study did not gain FM during the BR14 period, so the increase in serum TNF-α in older adults must be ascribed only to physical inactivity, as suggested previously by Højbjerre et al. (2011) .
Adiponectin has garnered considerable interest due to its proposed salutary anti-inflammatory properties. Age-related changes in adiponectin levels remain controversial, due to inconsistent normalisation for adiposity and body fat distribution in the literature (Cnop et al. 2003; Andreasson et al. 2012) . Recently, Schautz et al. (2012) demonstrated that adiponectin levels increased with age, partially independently of adiposity (Schautz et al. 2012) . In accordance with the mentioned study, we found lower serum adiponectin in young in comparison to older adults. However, in both groups, young and older adults, a BR-induced increase in serum adiponectin was observed. Contrary to our findings, Nosova et al. (2014) , who demonstrated that shortterm physical inactivity impaired vascular function, observed statistically significant decreases in levels of adiponectin after 5-day BR in young subjects and no increase in inflammation (Nosova et al. 2014 ). We did not measure adiponectin nor inflammatory markers levels after 5-day BR, so we do not know the dynamics of the observed adiponectin and inflammation change. However, the upregulation of serum adiponectin in response to BR14 was probably a compensatory action to the BR-induced inflammation. To maintain homeostasis, this adaptation is rational, but whether the adaptation persists if the period of physical inactivity is prolonged is unknown. In contrast to Batista et al. (2012) , who reported that plasma adiponectin concentrations were negatively associated with MM and FM, in the present study, we demonstrated that serum adiponectin levels increased with Δ FM in young subjects.
Furthermore, the anti-inflammatory, antidiabetic and antiatherogenic properties of adiponectin are mediated through a reciprocal association between adiponectin and CRP (Ouchi et al. 2003) . A smaller increase in adiponectin concentration after BR14 was observed in older adults compared to the young, which is probably the result of increased serum levels of pro-inflammatory cytokines CRP, TNF-α and IL-6 in older adults. Indeed, a statistically significant negative correlation between Δ adiponectin and Δ TNF-α in young and positive association between Δ adiponectin and Δ resistin in older adults were confirmed. Several studies have shown significant correlations between circulating serum resistin, visfatin and visceral fat, BMI and inflammation (Zahorska-Markiewicz et al. 2007; Moschen et al. 2007; Schwartz and Lazar 2011) . We found a positive correlation between serum visfatin and serum pro-inflammatory IL-6. Previously, we demonstrated that the best significant predictor for serum visfatin levels in male subjects was aerobic capabilitythey were inversely correlated . In the present study, we observed increases in serum visfatin and resistin levels after BR14 in young, but no change in older adults; Δ visfatin was positively associated with Δ IL-6 in both groups. Data reported in literature about visfatin levels are contradicting. In a study of Kanda et al. (2007) in elderly bedridden patients, visfatin levels seemed to be independent of the time the patients were confined to bed but correlated with inflammation. Visfatin was even proposed as a potential marker of acute inflammation in elderly bedridden patients (Kanda et al. 2007 ).
Our data evidenced that levels of visfatin at physiological condition of inactivity in healthy young might differ from what we observed in the healthy older adults and the results reported from previously mentioned studies which, nevertheless, did not measure healthy elderly subjects. That data suggested that physical inactivity-induced inflammation might differ from obesity-related inflammation in elderly.
Some studies, in particular bed rest at −6°head down tilt (HDTBR), report plasma volume variations (Feuerecker et al. 2013; Mutin-Carnino et al. 2013) which have impact on the inflammatory factors. However, the HDTBR has much more pronounced body volume variations during the course of the experiment than horizontal BR (Montgomery 1993) . Therefore, during our bed rest study, without head down position, we did not assess the fluid shifts and consequently the effects of redistribution of body fluids.
We are well aware of the limitations of the study. First, we investigated a small group of participants. This is a characteristic of BR studies where larger groups are logistically impossible. Second, the study is limited to systemic inflammation. Our measurements do not permit to draw conclusions on the origin of the inflammatory markers nor to conclude any mechanisms. Further research to identify the serum inflammatory origin is needed by measuring local inflammatory markers in affected tissues. Third, only men participated in our study-for the female population, recruitment of the young control group should take into account their menstrual cycle phases, which would make the logistical part of the study very difficult. However, due to the differences in adipokine concentrations between men and women, a future female study should be considered.
Conclusions
In conclusion, BR14 caused inflammation in young and older adults, although the inflammatory marker responses differed between the groups. This was the first study to evaluate and compare inflammatory responses between healthy young and older adults, subjected to 14-day BR. Responses in older adults also differed from those reported in the literature for obese or subjects in pathological states, suggesting potentially different mechanisms between inactivity-and obesity-induced inflammations. More studies should be performed to confirm this. Our results also emphasise the particular importance of avoiding even short periods of physical inactivity in older adults.
